INTRODUCTION
MOST of the genetic models used to estimate components of variation assume, among other assumptions, the absence of non-allelic interactions. In many cases this assumption may be invalid and needs to be tested if we are to get reliable estimates for the genetic components of variation (Lush, 1943; Mather, 1949; Comstock and Robinson, 1952) .
Non-allelic interaction occurs where relative expression of different genotypes at any one locus is affected by the genie state at other loci. Many types of non-allelic interaction are known from studies of major Mendelian genes, such as complementary, epistatic and modifier genes. In continuous variation where the effects of individual genes cannot be studied, models and methods have been developed for detecting and estimating non-allelic interaction (Mather, 1949; Cockerham, 1954; Hayman, 1958; Jinks and Jones, 1958) . Detection of such effects makes the picture of inheritance in polygenic systems more complicated than many simple biometrical genetic models assume.
One possible consequence of certain kinds of non-allelic interaction is heterosis, a phenomenon frequently observed in characters connected with reproductive capacity and physiological efficiency in outbreeding plants. Several genetic hypotheses have been put forward to explain heterosis and its converse, inbreeding depression. Davenport (1908) , Bruce (1910) and Keeble and Pellew (1910) proposed the dominance hypothesis in which they suggest that heterosis is the result of accumulation of favourable dominants.
The overdominance hypothesis was presented by East (1908) and Shull (1908) , who suggested that heterosis is due to overdominance at single loci. In 1936 East restated the overdominance hypothesis in more modern genetic terminology to lead to the view that outbreeding mechanisms result from the physiological advantages of heterozygotes. The hypothesis supported by Mather (1943 Mather ( , 1956 Mather ( , 1960 and Dobzhansky and Wallace (1953) would reverse the causal sequence and make the physiological virtues in many heterozygotes the consequence of selection under an outbreeding system. Jinks (1954 Jinks ( , 1955 and Jinks and Jones (1958) presented evidence suggesting that heterosis occurs with a higher frequency and greater magnitude in the presence of interactions between non-allelic genes brought together in the hybrid F1. The argument continues and it seems very likely that no single hypothesis is the universal cause of heterosis.
The present paper reports a study which attempts to provide more information on the possible relations between heterosis and non-allelic inter- The use of developmental comparisons might help in an understanding of the physiological basis of any heterotic effects or non-allelic interactions. It has sometimes been claimed that a knowledge of the developmental basis of such effects can " explain away " interactions (Williams, 1959 , but see Hayman, 1960 . Williams attempted to make a distinction between "genetic "and" somatic " interactions, claiming that it was misleading to describe the latter, represented for example by the multiplicative relationship of components of fruit yield in tomato, as a genetic interaction. Hayman's reply pointed out that the distinction was made arbitrarily at a certain level of developmental organisation, and that it was possible to describe gene action and interaction only in relation to a specific character. Furthermore, this description would change according to the scale on which the character was measured. The choice of scale is also arbitrarily determined by the investigator for his convenience and the only real biological scale would be that relating the character to fitness. Bearing these limitations in mind, a knowledge of the developmental basis of a complex character may help in the study of relationships between non-allelic interaction and heterosis.
MATERIALS AND METHOD5
Two selection lines were built from a commercial variety of Italian ryegrass derived originally from Northern Ireland. One line was selected for large area of sixth leaf on the main shoot while the other was selected for small area of the same leaf. Selection went on for five generations with a breeding population size of four in each generation. Thus, these lines should be fairly inbred, but may still segregate for some genes. However, even if there had been no selection, the proportion of those genes originally segregating which would have been expected to be fixed or lost by chance alone, due to small population size and assuming also no natural selection, would be substantial (Kimura, 1955 ). An F1 was derived from the two selection lines; then the seeds of P1 (large), P2 (small) along with their F1 were sown at the same time in boxes in a heated greenhouse in the autumn. Next spring the seedlings were potted up in 7-inch pots and a month later they were transferred outdoors. When the plants started heading they were moved back to the greenhouse for crossing. The method of automatic pollination technique without emasculation was adopted in carrying out the crosses (Jenkin, 1931) to get all generations, i.e. P1, P2, F1, F2, B1 and B2, simultaneously, including new families of parental and F1 generations. In every generation the four crosses were made reciprocally.
Seeds of the two reciprocal families of each of the four crosses of the six generations were sown in boxes in a heated greenhouse in the following autumn. The layout of the experiment consisted of four completely randomised blocks. Each family was represented by twelve plants giving a total of ninety-six plants for each of the six generations. Fourteen characters covering many aspects of leaf development which included leaf dimensions, leaf production, tiller production and plant dry weight were studied. Details of methods of measurements was the same as those reported by Cooper (1959) , Cooper and Edwards (1961) and Edwards and Cooper (1963) .
The following 14 characters were recorded:
Days to appearance of leaf 3 on main shoot. Days to appearance of leaf 6 on main shoot. Rate of appearance of leaves per day on main shoot between third and sixth leaves. Length, width and area of leaf 3. Length, width and area of leaf 6. Tiller number per plant at third leaf stage. Tiller number per plant at sixth leaf stage. Tiller number per plant at 6 weeks. Rate of tillering per day per plant between third and sixth leaf stages. Dry weight of shoot at 3 months. Non-allelic interactions in general were detected according to scaling tests devised for each particular generation (Mather, 1949) using the formulae:
Scaling tesl Standard error of test
\/l6VF2+4VF1+ V1+ V2 where P1, P,, etc., are means of each generation and V,1, Vi,,, etc., are variances of family means of each generation.
In the absence of non-allelic interactions the scaling tests are expected to have a value of zero. Heterosis was detected by comparing the F1 with both parents. These analyses, however, do not distinguish between overdominance and normal dominance.
RESULTS (a) Detection of non-allelic interaction
In table 1 the mean phenotypic values of third and sixth leaves dimensions along with their standard errors are shown for the two selection lines, F1, F2 and the two back-crosses. It is evident that there is no non-allelic interaction for third leaf dimensions, but by the sixth leaf stage non-allelic interactions emerge as B is significant, and A and C are highly significant for width, this being also reflected in the area where A and B are significant. The results for leaf appearance characters are shown in table 2. Nonallelic interaction was detected for time of third leaf appearance, B and C being highly significant. At the sixth leaf stage non-allelic interaction appeared to be even more pronounced, as all of the three scaling tests were significant or highly significant. For rate of leaf appearance between third and sixth leaves the three scaling tests were highly significant. Table 3 shows the results of tiller number at third and sixth leaf stages, tiller number at six weeks from sowing, rate of tillering and dry weight.
Whereas no non-allelic interaction was detected in tiller number at third leaf stage or after six weeks from sowing, tiller number at the sixth leaf stage and rate of tillering between third and sixth leaves showed significant nonallelic interaction. Dry weight showed non-allelic interaction as B and C were both significant. Now, it appears in general that non-allelic interaction has no significant role in the early stages of development, but during later stages of development a complex situation emerges and genes at different loci start interacting. Thus, there appears to be no detectable non-allelic interactions at the third leaf stage, but at the sixth leaf stage and later on, evidence for non-allelic interaction start to accumulate.
(b) Detection of heterosis Examination of the means of the two selection lines and their F1 in tables 1, 2 and 3 shows that in all leaf dimensions the F1 is intermediate between P1 and P2 which means that these characters do not exhibit heterosis.
There is no significant heterosis for rate of leaf appearance. But at the sixth leaf stage the parental line which was the earlier at the third leaf stage (P1) has become the later as a result of a slower rate of leaf appearance than either P2 or F1. This means that heterosis is now measured as the difference between the means of F1 and P2, a difference which is significant. Table 3 shows that there is significant heterosis for all tiller and dry weight characters, the F1 having more tillers and greater weight than either parent.
Discussioi'.
These studies show that non-allelic interactions, as detected by scaling tests, became much more evident at later stages of development: for example, sixth leaf dimensions show some interactions whereas third leaf do not, and later aspects of tillering give significant deviations in the scaling tests. A simple, if perhaps naïve, view of this situation is that the later a gene acts in the development of a character complex the more likely it is that its expression will be influenced by action of earlier genes. Heterosis shows a similar trend, becoming more pronounced as development proceeds for rate of leaf appearance but is present for all recorded stages of tiller development and not at all for leaf size. This phenomenon of changing gene-action during development has been demonstrated by Jinks and Broadhurst (1963) in a study of body weight in rats. They suggest that the change they detected is due either to different loci controlling the character at different stages of development or, alternatively, the same loci are always in control but the dominance relationships of their alleles change with development; presumably, in the present study we may add to this the change of epistatic relationships between loci with development.
In table 4 the characters are classified according to the presence or absence of detectable non-allelic interaction and heterosis. The detection of non-allelic interactions by individual scaling tests is a somewhat crude technique, and not all types of interaction are likely to give rise to heterosis.
Nevertheless, of the six characters which show heterosis, four produced detectable interactions while the other two did not. This suggests that while non-allelic interactions may be a cause of heterosis in some characters they are not in all.
Let us now see how a consideration of the developmental relationships of the characters can amplify this association. The most interesting complexes are those concerned with leaf appearance and tiller formation, since leaf dimensions show no heterosis and little interaction.
Variation in the number of days to reach a particular Stage of leaf appearance will depend on: (i) differences in the start of development, that is germination; and (ii) variation in the rate of leaf appearance thereafter. Data on germination time were not collected and the earliest available character is appearance of leaf 3. Here P2 is significantly later than P1, the F1 mean being not significantly different from the latter parent.
The rate of leaf appearance between this stage and the appearance of leaf 6 shows that P1 is significantly slower than both P2 and F1 which have the same value. Thus by the sixth leaf stage the two parental lines do not differ because the two compensating processes have cancelled each other out; but the F1 is now significantly heterotic having been like the faster parent for both processes. Thus the accumulation of favourable dominants could explain this heterosis although the situation is complicated by the presence of non-allelic interactions for both characters. This particular character complex demonstrates the danger of assuming that inheritance below any arbitrary level in the heirarchy of developmental relations in a complex character will necessarily be simpler and less likely to show interactions. The two component characters, days to leaf 3 and rate of leaf appearance thereafter, appear to combine additively to give the time to leaf 6, and yet individually each shows evidence of non-allelic interaction.
Turning to tillering characters, similar arguments to those developed for leaf appearance can be advanced, except that the developmental situation is more complex. In addition to effects of germination time and rate of tillering, the tiller number at any given time or stage is likely to be influenced by variation in the onset of tillering since this may begin in the axil of either the coleoptile or of leaf 1. This difference can lead to very large differences in later tiller number. Heterosis is present for the earliest recorded tillering characteristic, the tiller number per plant at the third leaf stage, although the two parental lines do not differ significantly. If it is correct that P1 was the faster germinating of the two parents, and if P2 began tillering at a lower node, then a heterotic situation could arise if the F1 showed dominance (potence) for both characters. This argument is largely speculative, but not entirely so for Edwards (1961) showed that differences between these two parental lines did exist in the required direction for position of onset of tillering. The interpretation of the accumulation of favourable dominants is further supported by the absence of non-allelic interaction for this character.
Tiller number at 6 weeks shows a basically similar pattern to that at the third leaf stage except that the ranking of parental lines has changed. This is presumably a reflection of the faster rate of leaf appearance in P2 which will therefore have produced more leaves than P1 at six weeks.
The rate of tillering per plant between the third and sixth leaves shows both interaction and heterosis, which are both present for tiller number at the sixth leaf stage also. Interpretation of the rate of tillering is difficult because of the developmental complexity of the process. The rate tends to be exponential in seedlings because each new tiller produces more sites at which further tillering may occur. Thus if the F1 is already superior to both parental lines in tiller number at the third leaf stage, this heterosis is likely to be increased as tillering proceeds. It seems likely that non-allelic interactions, possibly of a multiplicative nature, will be important in determining heterosis for this character.
Finally, dry weight per shoot also shows both non-allelic interactions and heterosis. Since shoot weight will depend upon both tiller number and tiller size, the latter being in turn determined largely by leaf size and leaf number per tiller, it seems likely that it will show complex interactions which may well explain the heterosis. The two parental lines differ in shoot weight, the line selected for large leaves (P1) being heavier. These lines differed only little in tiller number or rate of leaf appearance and the differences in shoot weight are presumably a consequence of changes in leaf size.
Thus the developmental analysis also points to the view that heterosis in some characters may be due to accumulation of favourable dominants while in others non-allelic interaction may be important. It does, however, suggest that the non-allelic interaction detected for certain characters, such as time to leaf six and tiller number at the sixth leaf stage, may not be important in producing the heterosis shown for these characters. In this material it would appear that non-allelic interaction is more likely to be involved in heterosis later in development of a character complex.
The existence of marked heterosis for shoot dry weight suggests the possibility of exploiting this in a breeding programme, and if this is to be done a knowledge of the genetic basis of the heterosis is extremely valuable.
Unfortunately no adequate control was available because the seed of the original population from which the two selection lines had been derived had become inviable by the end of the selection programme. Certainly in the early stages of selection both lines showed a marked decline in shoot weight compared with the base population (Edwards, 1961) and so the heterosis may be no more than a recovery towards the original level. Furthermore, ryegrass, because of its breeding system and because it is not a high value cash crop hardly seems a likely candidate for a breeding programme leading to a hybrid variety.
Finally, the frequent occurrence of detectable non-allelic interactions in this group of characters associated with early stages of development, together with the evidence that such interactions become more common later in development, points again to the dangers of assuming that such interactions are absent in producing models for the study of the inheritance of continuous variation.
5. SUMMARY 1. From two lines of Lolium rnul4florum selected for large and small leaf size respectively, the F1, F2 and two back-cross were derived. The six generations were grown simultaneously and compared for a number of developmentally related characters associated with leaf dimensions, leaf appearance, tillering and shoot weight.
2. From the generation means heterosis and non-allelic interactions were studied.
3. Non-allelic interactions tended to be more frequent at later stages of development, whereas heterosis was present for all five characters associated with tillering or weight, but only for one of the nine characters representing leaf dimensions or leaf complexes.
4. Of the six characters exhibiting heterosis, four also showed non-allelic interactions.
5. A consideration of the developmental relationships of these characters suggested that heterosis at early stages of development is likely to be due to the accumulation of dominant genes, whereas at later stages non-allelic interaction may be an important component also.
